Abstract-Resistive sensor arrays (RSAs) have been developed for a variety of applications depending on resolution requirements, active sensor area, and cost. Composite-based piezoresistive sensors are commonly found in RSAs. However, they present an intrinsic problem related to the parasitic current paths that flow through the whole composite, which cause a crosstalk effect. Various circuits have been proposed to reduce the crosstalk effect in sensor arrays. In this paper, we compare a number of readout circuits with PSpice models, mainly those including voltage feedback (VF) circuits and zero potential (ZP) circuits. To develop an array with 3600 sensors using a piezoresistive composite, we selected the improved isolated drive feedback circuit (IIDFC). Using nodal analysis, we were able to develop an alternative mathematical circuit model, which allowed us to identify its unique characteristics, including the influence of array size on the crosstalk effect and the restriction on minimal impedance that the array elements must attain to maintain a minimum error. In a resistive array with 3600 sensors and a sensor range of 10-100 k , we obtained an absolute error of less than 3.56%. In addition, the proposed mathematical circuit model obtained a maximum absolute error difference of 0.03% when compared with the PSpice model with the precision operational amplifier OPA37. Thus, using the IIDFC circuit and considering the minimal allowable impedance, it is possible to maintain a reduced error in an RSA with a large number of sensors.
I. INTRODUCTION
A WIDE variety of sensors and applications have been developed by researches in an effort to improve health care in the population at large. In biomedical engineering, an important research direction involves viewing the foot as a fundamental human body part, since it is part of a kinematic chain that provides balance and stability while standing, walking, and running [1] - [3] . Research on the foot is conducted mainly through plantar pressure distribution analysis, using platforms that measure the ground contact forces over the sole of the foot, as well as using image processing techniques [4] .
Today, the commercial equipment types used to measure the plantar pressure distribution are based on a variety of sensor technologies, including capacitive, resistive, piezoresistive and piezoelectric technologies, among others [4] . However, this equipment is often expensive, which makes its acquisition beyond the reach of research groups and even health care institutions [5] . As such, low cost equipment has been developed that primarily uses resistive sensors [6] - [8] . However, this equipment has a low spatial resolution and its active area is limited to an area not much larger than the foot size. One solution to the problem of low cost, resolution and size of the active area is the use of sensors based on piezoresistive composites, which are widely used in the robotics field and also to measure plantar pressure distributions [9] - [11] .
Piezoresistive sensors consist of a conductive polymer located between two conductive layers, which are aligned perpendicularly to make a sensor array with M × N number of sensors, where M is the number of rows and N the number of columns. Therefore, it is possible to increase the sensor resolution by varying the size and quantity of the conductive rows and columns [12] , [13] .
Although the resistive sensor array (RSA) reduces the number of complex connections by sharing rows and columns, when a particular sensor must be read, the RSA exhibits a crosstalk effect,which is caused by parasitic current paths that flow through the non-scanned elements in the RSA [14] , [15] .
In this study, we implemented the circuit used by Castro [5] , which has an RSA of M = N = 4 and no diodes, in the PSpice environment. By scanning all elements of the array, including the element being tested (E BT ) and the non-scanned elements (R i j ), we verified the crosstalk effect on the readout of the EBT. The array elements vary from 1 k to 100 k . As shown in the Fig. 1 , the greatest error (921%) occurs when 1558-1748 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the EBT has a high impedance (100 k ) and the non-scanned elements R i j have the lowest impedance (1 k ). As reported by Liu et al. [12] and Wu [16] , to avoid or reduce the crosstalk effect, many circuits with different characteristics have been proposed over the years. Voltage feedback (VF) and zero potential (ZP) circuits are the most commonly used circuits in this respect.
In this work, we compare different readout circuitry technologies to identify the RSA circuit with the lowest percentage due to the crosstalk effect. Then, we select and mathematically model a circuit with the best response in terms of sensitivity, accuracy and implementation reproductivity, for projection in an RSA with M = N = 60. In Section 2, we compare the readout circuits and in Section 3 we describe our mathematical model of the selected circuit. In Section 4, we present simulations and the characteristics of the selected circuit. Finally, we present a discussion and draw our conclusions in Section 5.
II. CIRCUITS FOR SCANNING OF RESISTIVE SENSOR ARRAY
As noted above in the previous section, there is a large error generated by the crosstalk effect in RSAs. To reduce this error, we must implement a readout circuit that is feasible, depending on the number and kind of elements required. Hence, we simulated in the PSpice environment a number of readout circuits referenced by Wu [16] .
Circuit A, as proposed by D'Alessio [17] , is a ZP circuit based on grounding, in which a buffer is connected to each column and there is one transresistance operational amplifier in each row. Thus, there is a zero potential difference on the non-scanned elements of the array (ZP-NSE), which decreases the crosstalk effect.
Circuit B, as proposed by Saxena et al. [18] , is a ZP circuit with one operational amplifier (opamp) for all MxN resistive sensor array. In this case, the EBT is connected between the output and the inverting input of the opamp, and the noninverting input is grounded. The non-scanned elements of the selected column line (N-1 elements) are connected between the inverting input and the ground, and the non-scanned elements of the selected row line (M-1 elements) are connected between the output of the opamp and the ground. The remaining nonscanned elements (M-1) × (N-1) are grounded, i.e., with zero potential (ZP) difference. To set the circuit gain, we fixed one resistor R L between the input voltage and the inverting input of the opamp.
Circuit C, as proposed by Wu et al. [19] , is a VF circuit with one opamp. In this circuit, the non-scanned elements of the non-selected rows and columns have the same potential difference, which is provided by the feedback voltage imposed for the system output voltage (VF-NSE). Conversely, the nonscanned elements of the selected row and column inject parasitic currents into the EBT, thereby increasing the crosstalk effect.
Similarly, Circuit D also proposed by Wu et al. [14] as an improvement upon Circuit C, is based on a special feedback configuration that allows for a reduction in the error caused by the non-scanned elements on the selected column. However, the adjacent row elements continue to influence the EBT readout. To reduce this behavior, Wu et al. [20] proposed an improvement for Circuit D, but this new circuit theoretically require two sampling channels to reduce the crosstalk effect, thereby increasing the RSA sampling time.
Finally, Circuit E, as proposed by Wu et al. [21] , is a ZP circuit that enhances the setting non-scanned-electrode zero potential circuit (S-NSE-ZPC) proposed by Liu et al. [12] . In this case, two operational amplifiers are used to ensure the same ZP difference between all the non-scanned elements.
To perform an objective comparison, we simulated the abovementioned circuits under the following conditions: all voltage outputs were in 0-5 V range; input voltages V i = 5 V; conduction impedances of switches, multiplexers and demultiplexers were set to R SW = 10 as suggested by Kim et al. [15] ; we used general purpose operational amplifiers like the LM741 with a supply voltage ±12 V and the impedances associated with each circuit were as followsCircuit A: R r = 1 k ; Circuit B: R L = 120 k ; Circuit C: R S = 10 k ; Circuit D: R S = 10 k ; and Circuit E: Fig. 2 shows all the circuit output voltages that sweep the EBT and maintain the non-scanned elements in the array at high impedance, R i j = 100 k . The output voltages in Circuits A and E are very similar, with high sensitivity in the range of 1-5 k at 0.9500 V/k and low sensitivity in the 20-100 k range at just 0.0023 V/k . As such, we neglect Circuits A and E, since the piezoresistive composite can have a wide operating range from 10 to 100 M [11] .
To determine the circuit efficiency with respect to reducing the crosstalk effect, we evaluated the absolute percentage error on the readout voltage as follows:
for which we considered the output voltage in ideal conditions V id (in the absence of parasitic currents) and the output voltage obtained by PSpice environment V out , as suggested by D'Alessio [17] . Fig . 3 shows the absolute percentage error in the readout of the EBT. Fig. 3a shows the errors resulting when the nonscanned elements R i j vary and the EBT is fixed at high impedance. Fig. 3b show the errors when all array elements vary simultaneously (E BT = R i j ). Although each circuit exhibits singular behavior, we can see that the lower is the value of the non-scanned elements of the array, the greater is the absolute error in the EBT readout.
By analysing the mean error of each circuit in Fig. 3a and Fig. 3b , it is possible to establish that Circuit D has the lowest mean error with 0.24%, followed by Circuit C with 0.29% and finally the Circuit B with 0.50%. Although the Circuit A has a mean error of 0.08%, it was rejected because of its sensitivity.
Hence, we selected the Improved Isolated Drive Feedback Circuit (IIDFC) here called Circuit D for the analysis of its use in a resistive array with 3600 sensors (60x60).
First, we simulated Circuit D using the abovementioned parameters, by varying the impedances of the non-scanned elements from 1 k to 100 k , and increasing the array size to M = N = 60. Secondly, we used (2) to evaluate the model proposed by Wu et al. [14] , considering that the non-scanned elements of the array have the same impedance (R i j ) and all the conduction impedances of the switches, multiplexers and demultiplexers are also equal (R SW ). Fig. 4 shows the absolute errors obtained in the last two models(PSpice Model and Wu's Model), for which the maximal absolute error in PSpice model was 464.10%, whereas Wu's model had an error of 34.91%. We did not consider the output short circuit current in the operational amplifier in either case.
Due to the large difference between the theoretical and simulated models, to obtain a more accurate model that more closely resembles the simulated one, we must analyse in detail the electrical characteristics of Circuit D. Fig. 5 shows Circuit D, as proposed by Wu et al. [14] , which is an IIDFC. As described above, this circuit is a VF circuit in which the feedback voltage is the output voltage of the opamp, which is almost the same as the output voltage of the EBT. The feedback voltage is set on the rows and columns of the non-scanned elements of the array.
III. MATHEMATICAL ANALYSIS CIRCUIT D (IIDFC)
The model proposed by the authors in [14] via (2) does not consider the non-scanned elements on the column selected to read the EBT, and it also disregards all non-scanned elements in the non-selected rows and columns. Thus, by nodal analysis shown in Fig. 5 , we obtained an alternative mathematical model to that proposed by the authors in [14] , that allows us to evaluate unrelated characteristics of the circuit.
In Fig. 5 , we can identify the main nodes as follows: the column-connected (CC) node, row-connected (RC) node, rownot-connected (RNC) node, and column-not-connected (CNC) node. With all non-scanned elements in the array having the same impedance R i j , and since nodes on the non-selected columns have the same potential difference, as do the nodes on the non-selected rows, it is possible to obtain the system of linear equations expressed as (3):
We can use this system of linear equations in arrays of different sizes depending on the number of rows and columns (M and N). In this case, we used the ideal opamp model.
We can obtain the output voltage V OU T by solving (3). Then, we can define the output voltage as a function of the voltage at the RC node as follows.
Since the system of linear equations mentioned above was solved using Matlab software, in this work, we refer to this solution as the Matlab model.
To obtain the absolute percentage error described in (1), we considered the ideal output voltage, since the ideal output is not influenced by the non-scanned elements in the array, and which we express as (5). We also added the conduction impedances of the switches, multiplexers and demultiplexers (R SW ).
In addition, the current provided by the opamp to the circuit is an important parameter that must be supervised, since excess current can cause saturation. The current provided by the opamp is defined as follows:
where V F B is the feedback voltage, which is described as follows.
IV. VERIFICATION OF THE CIRCUIT D (IIDFC)

A. 4 × 4 Array
To evaluate the decrease in the crosstalk effect error, we used a resistive array with M = N = 4 and an IIDFC with the following parameters: non-scanned elements R i j ranging from 1 k to 100 k ; V i = 5.13 V; conduction impedances of the switches, multiplexers and demultiplexers R SW = 10.34 ; R S = 9.96 k and E BT = 100.32 k , all these values were obtained with the Keysight 34405A 5 1/2 Digit Multimeter. We implemented the circuit using the general purpose operational amplifier LM741 and supply voltage of ± 12 V. We also simulated two circuits with the same parameters in the PSpice environment, using the opamp LM741 and the precision operational amplifier OPA37.
The absolute errors of the these systems are shown in Fig. 6a , as well as the errors of the model proposed in (3) and the model proposed by Wu et al. [14] in (2) . We emphasize that we obtained all errors as a function of the ideal output voltage established in (5) .
The response of the Circuit D -IIDFC-in the PSpice environment with the opamp OPA37 had a mean error of 0.14% whereas the mean error of that with the opamp LM741 was 0.27%, due to greater open loop gain of OPA37, which reduces the crosstalk effect, as suggested by Saxena et al. [18] . Similarly, the calculated mean error of the Matlab model is 0.11% and is very close to the response obtained in the PSpice environment with the opamp OPA37, with an error difference of only 0.03% between them. Conversely, the implemented circuit had a mean error of 1.31%, which is the greatest error of all the model responses. However, this error was similar in its behavior to that of the other models, since the difference in its mean error and that of the PSpice environment and the Matlab model are 0.63% and 0.72% respectively.
Although the model proposed by Wu et al. [14] exhibited a mean error of only 0.13%, it responded differently than the other models, which each had a minimal impedance where the absolute error becomes zero. Impedances lower than this minimal impedance cause a sudden increase in the error due to the crosstalk effect. This denotes the need for a restriction on the minimal value of the array elements to minimize any crosstalk effect, as also described by Saxena et al. [18] .
In this way, by using the same parameters described above and by sweeping the impedances of the non-scanned elements of the array (R i j ) in the 1 k to 2 k range, we can obtain a minimal impedance before experiencing any increase in the absolute error, as shown in Fig. 6b . Theoretically, we can determine the minimal impedance by equating (4) and (5) .
According to data from the Matlab and PSpice models, with both the OPA37 and the LM741 opamps, the minimal impedance that ensures minimal errors is close to 1700 , whereas the minimal impedance in the implemented circuit was close to 1300 . This difference can be explained by the electrical characteristics of the LM741, the resistors used, and even the measuring instrument. Nonetheless, the implemented circuit obtained a lower minimal impedance than the other models, which is an advantage because it allows for a greater range of impedance in the RSA.
B. M × N Array
As described by Wu et al. [14] , the array size has an influence on the readout of the EBT, i.e., the larger the array size, the greater the error caused by the crosstalk effect. Therefore, the number of rows in the array has a direct and significant influence on the readout error, as shown in Fig. 7a .
As reported by the authors in [14] , the Circuit D -IIDFCreduces the influence of adjacent columns, that is, increasing the number of columns in the array has little influence on the readout error.
Likewise, since the array size influences the readout error of the EBT, it also influences the minimal impedance allowed by the circuit to avoid a considerable increment in the absolute error. The larger is the array size, the greater the allowable minimal impedance, as shown in Fig. 7b , via the Matlab and PSpice models.
As stated earlier, it is possible to determine the minimal impedance by equating (4) and (5) . However, this is true only when the short circuit current of the opamp has not been reached. The maximal output drive supported by opamps OPA37 and LM741 is 25 mA. So, by using the established parameters for the implemented circuit and sweeping the nonscanned elements R i j in (3), as well as supervising the current supplied by the opamp with (6), we can obtain the minimal allowable impedance to ensure low error without the opamp entering saturation mode. As shown in Fig. 7b , the opamp enters saturation mode with an approximately array size of M = N = 30, thereby changing the natural circuit response and sharply increasing the minimal allowable impedance. It is important to note that the lower is the R SW value, the smaller the array size will be before the opamp enters saturation mode and the greater will be the minimal allowable impedance.
C. Simulation Comparing Matlab and PSpice Models
For verifying the IIDFC model proposed using (3), we compared it with the PSpice model using the opamp OPA37. By varying the impedances in switches, multiplexers and demultiplexers (R SW ) and the array size (M = N), we evaluated the percentage error between the models using (1) , where the Matlab model is the theoretical value.
First, we evaluated the difference between the models by varying R SW in range of 0.01-100 . The non-scanned elements of the array (R i j ) were fixed at 10 k , M = N = 8, and the EBT varying from 10 k to 100 k . The results are shown in Fig. 8a , where it is possible to note that the greater is the R SW value, the greater is the difference between the models. However, the percentage error between the models is lesser than 0.035% that is low enough to be consider.
Secondly, we evaluated the effect of the array size on the difference between the Matlab and PSpice models, by varying the array size with M = N, where R SW = 10 , R i j = 10 k and the EBT is in range of 10-100 k . Once again, the error between the models is lesser than 0.030%, as shown in Fig. 8b . Thus, the proposed model can be used for evaluating the IIDFC behavior.
D. Piezoresistive Composite
As described previously, piezoresistive composites facilitate the development of sensors with low cost, high resolution and a large active area. Nevertheless, they have an intrinsic problem related to their resistive behavior and their interconnection circuit, which allows the occurrence of the crosstalk effect.
To develop a baropodometer based on a piezoresistive composite with an active area larger than 0.25 m 2 , a resistive array with almost 3600 sensors (M = N = 60) is required, as suggested by Giacomozzi et al. [22] .
With this array size and according to the information contained in Fig. 7b , it is necessary to obtain a minimal impedance of 10 k . Then, using the Matlab model, with R SW = 10 , R S = 10 k and an input voltage of V i = 5 V in a resistive array of M = N = 60, we obtain a maximum absolute error of 3.56%. The complete error behavior is shown in Fig. 9 . Once again, the maximum percentage error differences of the Matlab and PSpice model errors with the operational amplifiers OPA37 and LM741 were 0.03% and 0.22%, respectively. Furthermore, the model proposed by Wu et al. [14] with the same circuit parameters obtained a maximum error of 5.09%, which is greater than the other simulated models.
V. CONCLUSIONS
In this study, we evaluated a number of circuits with respect to reducing the crosstalk effect in resistive sensor array. The circuit with the best response in terms of sensitivity and decreased crosstalk effect was the Improved Isolated Drive Feedback Circuit (IIDFC) proposed by Wu et al. [14] . Based on a nodal analysis, we developed a new mathematical model and, considering both EBT and non-scanned elements, determined the response as a function of array size, the conduction impedances of the switches, multiplexers and demultiplexers, and the resistive sensors themselves. The response of this new mathematical model to be close to that of the models simulated in the PSpice environment, with the maximum difference between the absolute mean errors being 0.03% with the opamp OPA37 and 0.16% with the opamp LM741. Hence, due to the low error between the mathematical and the PSpice models, the proposed model can be used as an accurate model for evaluating the IIDFC performance.
In the IIDFC, the resistive elements of the array must have a minimal allowable impedance to ensure a reduced crosstalk effect. The minimal impedance is directly related to the array size, whereby the larger the array size the greater the minimal allowable impedance in the array sensors. Many circuits have the same minimal impedance restriction, however, no authors have commented on this aspect of circuit characteristics.
When using the IIDFC and developing a piezoresistive composite with 3600 sensors (M = N = 60), this composite must have a minimal impedance of 10 k to ensure a theoretical maximum absolute error of 3.56%. Similarly, we can reduce the crosstalk effect using operational amplifiers with a high open loop gain, as well as switches, multiplexers and demultiplexers with conduction impedances less than 10 . However, low impedances in these elements can lead the operational amplifier into saturation mode, thereby increasing the minimal allowable impedances allowed in the RSA.
